Following our preceding study on thick target neutron yields by He and C, we measured angular and energy distributions of neutrons produced by 100, 180 and 400 Me V /nucleon Ne ions stopping in thick carbon, aluminum, copper and lead targets using the heavy ion medical accelerator of the National Institute of Radiological Sciences. The neutron spectra in the forward direction have broad peaks which are located at about 60 to 70% of the incident particle energy per nucleon due to break-up process and spread up to almost twice as much as the projectile energy per nucleon. The neutron spectra at all angles consist of two components of cascade neutrons and evaporation neutrons. The phenomenological hybrid analysis of the moving source model for these two components and the Gaussian fitting of break-up process could well represent the measured thick target neutron spectra. The experimental results are also compared with the calculations using the HIC code, and the calculated results generally agree with the measured ones within a factor of 2 margin of accuracy for 180 and 400 MeV /nucleon Ne ions. This systematic study on neutron production from thick targets by high-energy heavy-ions is the first experimental work and will be useful for shielding design of high energy heavy ion accelerator facilities.
I. Introduction
Recently, high energy heavy ions have been used in various fields of nuclear physics, material physics and medical application. At the National Institute of Radiological Sciences (NIRS), the Heavy Ion Medical Accelerator in Chiba (HIMAC) ( 1 ) has been used for the heavy ion cancer therapy for the last three years. Several institutes in the world, such as the Institute of Physical and Chemical Research (RIKEN) ( 2 ) , have started or planned to build the rndioactive beam facility for investigating exotic nuclei, nuclear synthesis and so on.
To design these facilities, the radiation shielding is essentially important to protect workers and nearby inhabitants from penetrating neutrons produced by high energy heavy ions. The data on the energy and angle distributions of secondary neutrons from a thick target which fully stops heavy ions, so called thick target neu-tron yield (TTY), are indispensable to estimate radiation source terms of the accelerator shielding design (3) . Several experimental results on TTY have been published on neutron production from proton incidence( 4 )-(s). For heavier ions with energy higher than 100 Me V /nucleon, however, there has been only one experimental work on TTY for 640 and 710 McV He ions (9) . Very recently, an experimental study on TTY has been performed for 155 MeV /nucleon He and C ionsC 10 l, Under these circumferences, we have performed measurements of differential thick target neutron yields by 100 and 180 rvle V / nucleon He and 100, 180 and 400 MeV /nucleon C ions at the HIMAC facility. The measured results were reportcd ( 11 ) by comparing with those calculated with the HIC codeC 12 l based on an intranuclear-cascade and evaporation model, and also with a phenomenological hybrid analysis of a moving source modelC 13 ) for equilibrium and pre-equilibrium emissions and the Gaussian fitting of break-up process.
As a succeeding study, we report here the angular and energy distributions of neutrons produced from thick carbon, aluminum, copper and lead targets bombarded by 100, 180 and 400 MeV /nucleon Ne ions. The experiments were carried out by using the lIIMAC. The measured results were again analyzed with the HIC code and the hybrid model.
II. Experimental Procedure

Experimental Arrangement
The measurements were carried out using the 1IIMAC heavy-ion synchrotron of the NIRS. The energy of neutrons produced in the target was measured by the timeof-flight (TOF) method. Figure 1 shows the experimental geometry of a typical arrangement of 3 neutron counters. A beam extracted from the synchrotron has a time structure of pulse width of 0.5 s at every 3.3 s time interval and each pulse has a micro time structure of 5 MHz. A thin NE102A plastic scintillator (30 mm diam. by 0.5 mm thick) coupled with an H3178 photomultiplier & base (Hamamatsu Photonics. Co., Ltd.) was placed just behind the end window (made of 0.1 mm thick aluminum) of beam line as a beam pick-up scintillator. The output pulses of this scintillator were used as start signals of the TOF measurement. These output pulses were also used to count the absolute number of projectiles incident on the target. To avoid the counting loss due to the voltage drop of the photomultiplier which was induced at high beam current, the voltages of the last three dynodes were externally supplied by a constant voltage power supply and the beam intensities were kept to be 1 x 10 5 -1 x 10 6 particles per pulse. A target was set on the beam line 10 cm behind the beam pick-up scintillator. The beam spot size incident on the target was about 1.5 cm in diameter and the beam height was 1.25 m above the concrete floor of the experimental area. The NE213 liquid scintillator (12.7 cm diam. by 12.7 cm thick) coupled with an R4144 photomulti- 3 ) and Pb (11.34g/cm 3 ) and each target has a shape of 10 cm by 10 cm square and its thickness was determined to stop the incident particles completely. \Vhen the measurements ·were carried out at large angles of 30°, 60° and 90°, the target was set at 45° to the beam line for 100 and 180 Me V /nucleon Ne beams, in order to minimize the attenuation effect of neutrons through the target.
Data Acquisition Electronics
The data acquisition electronic system is the same as in our preceding studyC 11 ). The timing signal from the beam pick-up scintillator was divided into two pulses, and one pulse was fed to a constant fraction discriminator (CFD) to start a 2048-channel CAlVIAC time-todigital converter (TDC) and to count the number of incident beam particles. The other pulse was fed to a charge-integrated type 2249A analog-to-digital converter (ADC) to get pulse height data. The anode signal from each E counter was split into three pulses. One pulse was fed to a CFD to produce the stop signal of TDC and the gate of ADC. Two pulses of E counter were sent through different delay cables to two channels of ADC to measure the total and slow light components. The anode signal from each L1E counter was also fed to the ADC to get pulse height data. These digital data from the CAMAC system were recorded event by event on a 3.5-inch :Magneto-Optical disk by a personal computer using the KODAQ (Kakuken On-line Data Acquisition System) data taking software system( 15 ).
III. Data Analysis
Conversion to Energy Spectra
For eliminating charged particles, we used twodimensional L1E-E graphical plots. As the L1E counter does not scintillate by neutrons and "Y-rays, the neutron and "Y-ray events could be selected from the charged particle events.
After this discrimination, the neutron and the "Y-ray events were separated by using twodimensional total-slow pulse height graphical plots. By using this plot, we could clearly separate the components of neutrons and "Y-rays. After the experimental run. each E counter was calibrated with a 6°C o "Y source, ai~d the Con;tpton edge in the "Y-ray spectrum was used as the bias point (1.25MeVee). After obtaining the TOF spectrum of neutrons, it was converted into the energy spectrum of neutrons. For this conversion, the detection efficiency is essential. The experimental data of the detection efficiency for this scintillator has been published by Nakao et al. ( 14 ) , but there are no data for neutrons of energy higher than 135 MeV. Therefore, the neutron detection efficiencies were calculated with the Monte Carlo code by Cecil et al.( 15 ) for all energy range.
Energy Resolution
For measurements of neutron energies by the TOF method, the relative energy resolution is given by the expression:
Here, E is the neutron kinetic energy, A{ the neutron rest mass, .dt the overall time resolution, and t the neutron flight time. The sources contributing to .dt are (1) the intrinsic time resolution of neutron detectors, (2) the intrinsic time resolution of the beam pick-up scintilla tor, (3) the time spread in the production of neutrons arising from the finite target thickness, ( 4) the time dispersion arising from the incident beam energy spread, and (5) the time spread resulting from the finite thickness of the neutron detectors. These five time uncertainty components are not all normally distributed and must be numerically estimated. The uncertainties (3) and (4) dT is taken as the FVVHM of the prompt 1 -ray peak observed in each neutron TOF spectrum, and the observed width of the prompt peak in the time spectra is 0.92 ns. Figure 2 shows the neutron energy resolutions as a function of neutron energy E for three flight path lengths given by Eq.
(1) and these results were used to determine the widths of the energy bins for the yield spectra.
Uncertainties and Corrections
The experimental uncertainties are divided into statistical uncertainties and normalization uncertainties. The statistical uncertainties vary in a range of 2 to 5% for the low-to medium-energy ( 5-50 Me V) region of the spectra and increase to about 30% at the highest energies. In order to determine room-scattered backgrounds, two repeated measurements at the same angles were made with and without the shadow bar shields as described before. From the difference of these two spectra, the background components were found to be less than 10%. This fraction of background components was also confirmed from the neutron TOF spectra which included the timeindependent uniform TOF components corresponding to background components. The normalization uncertainties are summarized in Table 2 . The uncertainty in the beam normalization resulting from the pulse pile-up of the beam pick-up scintillator was investigated by the pulse height data of the scintillator: The events that two or more beam particles came to the target at the same time were rejected using this pulse height data. The resultant uncertainty in the number of accepted beam particles incident on the target is estimated to be less than 3%. The uncertainty in the solid angle is dominated by the uncertainty in the flight path length of a detected neutron in the 12. 7 cm diam. by 12. 7 cm long neutron counter and the position of production of a neutron in the thick target. The resulting uncertainty in the solid angle for the carbon target at 400MeV /nucleon Ne ion incidence, which has the maximum uncertainty, is less than 10%. The uncertainty in the calculated detection efficiencies is estimated by Cecil et al. C 16 l to be about 4% by comparison with several measurements of neutron detector efficiencies. An additional uncertainty in the efficiencies at neutron energies near threshold was estimated to be about 7%. A net uncertainty of 8% in the efficiency near threshold results from the quadrature sum of these two quantities. The total normalization uncertainty is then 14%.
IV. Analysis of Experimental Results
Monte Carlo Simulations
These experimental results were compared with calculations as in our preceding study< 11 l. The neutron spectra were calculated by using the Heavy Ion Code, HIC< 12 l. The HIC code is a Monte Carlo code that calculates continuum state transitions between a projectile and a target in heavy ion reactions mainly at energies above 50 MeV /nucleon. The assumption in the model is that the reaction can be represented by the interaction of two Fermi gas nucleons that pass through each other. In this code, the intranuclear-cascade and evaporation model is used. As the HIC code only gives the double differential neutron production cross section, so called thin target yield, the calculations were performed for a series of thin target yield calculations. The calculated results were then summed to obtain the neutron yields from heavy ions stopping in a thick target, considering the projectile continuous energy loss and the projectile number attenuation in the target, as follows, (4) (5) where m is the mesh number when the target is divided into NI meshes, C!m the double differential neutron production cross section calculated by HIC, N the atomic density of target, Pm the number of beam particles in
the target (Po=l.0), dEm/dxm the stopping power calculated by the SPAR code(l 7 ), a;;.,, 0 t the total reaction cross section given as an experimental formula by Shen et al. < 18 l, and dxm the thickness of thin target divided. Although the HIC code originally aimed to calculate the heavy ion reactions at energies higher than 50 Me V /nucleon, here in this study, we extended the HIC calculation down to 20 Me V /nucleon, where it was possible to use the HIC code. In Eq. (5), the neutron production from the extranuclear cascade which has large contribution for high energy projectile incidence is still neglected, and this approximation can hold in relatively lower energy region.
Phenomenological Hybrid Analysis with Moving Source Model
The measured differential thick target yields were analyzed phenomenologically by the moving source model< 13 l as in our preceding study< 11 l. This model has originally been developed to evaluate differential cross section of particle production by light ions, that is thin target yield, and here we apply it to fit thick target yield induced by heavy ions according to Shin et aL < 19 ) .
The neutron spectrum emitted at the direction 0 is given by
Es =En -2~cos0+c;,
where -~;f; is the source intensity, T; the nuclear temperature, c; the source moving energy in terms of the nucleon kinetic energy, Ec(0) and C!c(0) parameters depending upon emitted angle 0. The first and second components of Eq. (6) correspond to the equilibrium and preequilibrium neutron emissions, respectively. The third term includes the knock-on process with impulsive direct collisions, that is quasi-free elastic scattering of the target and projectile nucleons, and it is assumed that neutrons of this component have a Gaussian distribution.
V. Results and Discussions
Measured Neutron Spectra
Measured neutron spectra for C, Al, Cu and Pb targets bombarded by 100, 180 and 400 MeV /nucleon Ne projectiles are shown in Figs. 3 to 14, respectively. They indicate the following general tendencies similarly as in our preceding study on 100, 180 MeV /nucleon He and 100, 180 and 400 MeV /nucleon C projectiles: (1) These experimental spectra in the forward direction have a broad peak at the high energy end. The peak energy of these bumps is about 60 to 7Q%
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90deg. of the projectile energy per nucleon, i.e., 70MeV for 100 MeV /nucleon, 130 ::\1cV for 180 MeV /nucleon and 230MeV for 400MeV /nucleon Ne projectiles. These high energy neutron components are produced in tlle forward direction by the break-up process. This peak becomes more prominent for lighter targets and for higher projectile energies, since the momentum transfer from projectile to target nuclei through the nuclear potential or the viscosity of nuclear matter, is less important for lighter nuclei and higher projectile energies than for heavier nuclei and lower projectile energies. (2) The neutron spectra have two components: One below about 10 Mc V corresponds to neutrons produced isotropically in the center of mass system mainly by the equilibrium process; the other above 10 Me V corresponds to those produced by the pre-equilibrium process. Since the neutron emission by the preequilibrium process has a sharp forward peaking of the angular distribution, the neutron spectra become softer at larger emission angles, where the equilibrium process is prominent. (3) The high energy neutrons in the forward direction spread up to the energy which is about twice as much as the incident particle energy per nucleon, i. e., 200 Me V for 100 lVIe V /nucleon, 370 Me V for 180 MeV /nucleon and 800 MeV for 400 MeV /nucleon Ne ions. This can be explained in the following. \Vhen the Fermi energy is approximated to be 40 Me V, the velocity of a nucleon in a nucleus relative to the light velocity v / c, becomes 0.28.
The relative velocities of 100, 180 and 400 MeV /nucleon projectiles in the laboratory system are 0.43, 0.54 and 0.71, respectively. Thus, the maximum velocity of a nucleon in a projectile is 0.63, 0.71 and 0.83, and the resultant nucleon energy can be estimated as 270 Me V, 400 Me V and 730 Yle V for 100 Me V /nucleon, 180 Me V /nucleon and 400 MeV /nucleon projectiles, respectively.
Comparison with Calculations (1) HIC Calculations
The neutron spectra from a thick target bombarded by Ne ions were obtained with Eq. ( 4) using ]\![ =5, 9 and 20 for 100, 180 and 400 Me V /nucleon, respectively, and the double differential cross sections a, calculated by HIC. The calculated spectra are also shown in Figs. 3 to 14 together with the experimental results. The HIC calculation has some statistical errors, especially in a high energy region coming from the limited history numbers. These figures clarified that a broad high energy peak in the forward direction appears around incident particle energy per nucleon, E 0 , in the calculation, while on the other hand the measured peak appears about 60 to 70% of Eo as described before. This marked discrepancy may come from the fact that the HIC calculation which does not include the effects of neither the nuclear potential nor the viscosity of nuclear matter fails to express the break- Results of the phenomenological hybrid analysis using Eq. (6) are also shown in the same figures. By selecting the adequate parameters in Eq. ( 6), the neutron spectra are well reproduced, as shown in Figs. 3 to 14 . The experimental spectra at small angles of 0° and 7.5° indicate a strongly forward emission of neutrons produced by the break-up process. A broad high energy peak at small angles can be fitted to a Gaussian distribution of the third term of Eq. (6) . The number of neutrons produced by the break-up process rapidly decreases with increasing emission angle and decreasing projectile energy. The yields produced by the equilibrium and pre-equilibrium processes which are fitted to the first two terms ofEq. (6) increase with the atomic mass of the target and incident particle energy. This fitting, however, underestimates the yield around high energy end of the spectra at large emission angles of 60° and 90° and this underestimation becomes larger with the incident particle energy, especially for 400 :\1eV /nucleon Ne incident on the Pb target.
As for the parameters of Eq. (6) used in this hybrid analysis, the nuclear temperature of equilibrium emission, T 1 , is about 0.93 MeV for 100 MeV /nucleon, l.3MeV for 180MeV/nucleon and 2.3:\IeV for 400 MeV /nucleon Ne ions for these four targets.
The nuclear temperature of pre-equilibrium emission, T2, is about 6 Me V for 100 Mc V /nucleon, 8 Me V for 180IvleV/nucleon and 9MeV for 400r.leV/nucleon Ne. The nuclear temperatures of equilibrium state T1 and pre-equilibrium state T 2 keep almost constant to the target atomic mass and slightly increase with projectile energy. The systematic study on these fitting parameters is needed and further investigation is now underway. Figure 15 shows the neutron yields integrated above 5 Me V for each em1ss10n angle. The angular distribution has stronger forwardness with increasing projectile energy from 0° to 15° where the break-up process of neutron emission is dominant, but at angles beyond 15° the angular distribution owns almost the .;ame slope in-. dependently of the projectile energy. All of the results indicate that the neutron yield is larger for lighter target nuclei in the forward direction whereas at large angles the yields become larger for heavier target nuclei. This reveals again that the neutron production at the forward angles mainly occurs by the direct reaction process which reduces in magnitude with increase of emission angle, and at large angles the low energy neutrons via equilib- rium process dominate the yields. The former production process gives the following view: with decreasing target mass number, the momentum transfer from a projectile to a target increases and the velocity of the cent.er of mass is greater in the laboratory system; then on the basis of the kinematics, a nucleon is emitted in the more forward direction. In the latter process, the number of emitted neutrons is proportional to that of nucleons in the system. In Figs. 15(b) and ( c), there can be seen some region at large angles where the neutron yield does not change regularly with the target mass number. This irregularity is not clearly explained at present because of the complex reasons, for example neglection of neutrons of energies lower than 5 MeV and of secondary reactions in the target.
Angular Distribution
Total Yield
The total neutron yields above 5 Me V were integrated over a hemisphere from 0° to 90°, and they arc shown in Fig. 16 together with our previous data for He and C ionsC 11 l. The total neutron yields become slightly larger with increase of the target mass, but their dependence on the target mass is very small compared with the difference of neutron numbers of the target. For 100 and 180 Me V /nucleon C and Ne ion incidences, the total neutron yields from the Pb target are smaller than those from the C target. This may partly be explained from the fact that the total neutron yield integrated above 5 Me V does not include the low energy components of evaporation neutrons which are much more dominant for a heavier target like lead.
The difference of neutron yields between He, C and Ne incidences is also very small except for 180 :tvfoV /nucleon Ile ions where the yield is reduced within a factor of 2. This much smaller difference of neutron yields than that of the nucleon numbers of He, C, Ne ions might be caused by the fact that the larger thin target yield for Ne ions than for He and C ions is compensated with additional neutron production due to multiple collisions from the thicker target for He and C ions than for Ne ion. From these data. we obtained that the total neutron yields for C and Ne ions are approximately proportional to the square of incident particle energy per nucleon. This tendency is very similar to the summarized results of the neutron production by incident protons of energies np to 500}leV( 3 )( 20 l.
VI. Conclusion
\Ve measured angular and energy distributions of neutrons produced by 100, 180 and 400 I\Ie V /nucleon Ne ions stopping in C, Al, Cu and Pb targets, so called double differential thick target yield, following our preceding study by He and C ions. The neutron spectra in the forward direction have broad peaks which are located at about 60 to 70% of the incident particle energy per nucleon due to break-up process and spread up to almost twice as much as the projectile energy per nucleon. The phenomenological hybrid analysis of the moving source model and the Gaussian fitting of break-up process could well represent the measured thick target neutron spectra. The experimental results were also compared with the calculations using the HIC code, and the calculated results generallv agree with the measured ones within a factor of 2 margin of accuracy for 180 and 400 MeV /nucleon Ne ions. These succeeding studies on neutron production from thick targets by heavy ions are the first systematic experimental works and will be useful for shielding design of high-energy heavy ion accelerator facilities.
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